Abstract: Knowledge of Canada's lakes is needed to manage environmental stresses. Lake inventory and lake feature databases were used to build a national impact assessment template and assess regional typology. There are~910 400 lakes with area 0.1 km 2 (10 ha), 37% of the Earth's total. Lake features (number of lakes by size class, maximum depth, mean-maximum depth ratio, Secchi depth, pH, and total dissolved solids) were modeled regionally by secondary watershed (SWS) using linear regression models. Lake trout (Salvelinus namaycush) occurrence was analyzed as a cofactor to highlight regional links between lake characteristics and aquatic biota. Significant (R 2 from 0.231 to 0.492) regional models were obtained using area or maximum depth, lake trout occurrence, and their cross products as covariates. Analyses of fitted SWS coefficients showed that ecozones were a better predictor of lake characteristics than primary watersheds. The national typology was consistent with previous regional assessments. The regional models were used to estimate the number, area, and volume of lake trout lakes by size class and ecozone. There are~66 500 lake trout lakes covering 3 510 000 km 2 primarily on Boreal and Taiga Shield areas. Regional lake resource models will enable national assessment of stresses such as climate change and invasive species.
Introduction
Canada has a great abundance of lakes, representing the largest national share of the Earth's readily accessible freshwater resources (Minns and Moore 1995; Downing et al. 2006) ; however, Schindler (2001) has pointed to the growing realization that much of Canada's freshwater resources are under pressure from a multitude of stressors. Chu et al. (2003) presented a national assessment of stressors affecting Canada's freshwater fishes showing a clash of human-driven development pressures and conservation needs mainly along the southern margin of the country, whereas climate change is already impacting the northern regions of Canada (Reist et al. 2006) . Minns (2001) , reporting on the science of freshwater fish habitat management in Canada, noted the poor state of knowledge of our freshwater ecosystems. Among eight priorities for the future, Minns identified the need for increased efforts on pattern recognition and inventory to ''address the longer-term need for documentation of resource properties and change over the vast areas of freshwater habitat in Canada.'' To expand the scope for assessing the existing and potential cumulative impacts of human stresses on freshwater fishes and their ecosystems, there is a need to deploy all available information to characterize our freshwater ecosystems. Lakes, which account for the majority of freshwater resources and fisheries production, are impacted by many human activities and are the focus of this study. This characterization of lakes must span large regions as the spatial scale of threatening environmental disturbances like climate change and invasive species (Jensen et al. 1996) and of resource management challenges like eutrophication and overfishing (Carpenter et al. 1999; Post et al. 2002; Lester et al. 2003 ) increases.
Regional, or synoptic, limnology has a long history. Early in the 20th century, Naumann (1929) explored the imprint of landscape on Swedish lakes following ideas laid down earlier (cf. Rawson 1939) . Most synoptic studies of lakes have concentrated on small localities, although more recently, larger lake districts have been gaining more attention (Kratz and Frost 2000) . Again in Sweden, Hakanson (1996) advanced an approach and techniques for modelling key lake variables from map-based information. Since 2000, several European countries have been working to develop a lake typology in response to a European Union directive on water policy (Moss et al. 2003) . In addition to developing a panEuropean typology, individual countries have been developing national typologies, e.g., Poland (Kolada et al. 2005) and Finland (Nykänen et al. 2005) .
In Canada, localized synoptic limnology might be exemplified by the studies at the Experimental Lakes Area in northwestern Ontario and in the Laurentian region of Quebec (cf. Minns 2001) . Contributed papers in Frey (1963) provide much of the history of regional lake typology in Canada. Regional efforts are exemplified by the early classification work of Northcote and Larkin (1956) in British Columbia, by the assessments in the 1980s of the impacts of acidic deposition on lakes east of the Ontario-Manitoba border and south of latitude 528 (Kelso et al. 1990) , and more recently, the surveys of lakes by John Smol and his associates across the Taiga and Arctic regions of Canada and elsewhere (cf. Ruhland and Smol 1998) . There have been no previous attempts to study synoptic limnology across the whole of Canada.
This study has three components: (i) a statistical representation of Canada's lake resources for use as a template in a national-scale impact assessment model; (ii) an assessment of regional typology for Canadian lakes; and (iii) a pilot demonstration of the potential use of the regional lake characteristic models for assessment and management. Although the lakes were the primary focus, lake trout (Salvelinus namaycush) occurrences by region and lake were examined as an example of how biota might be incorporated into models of lake characteristics. The first component addresses the need to characterize Canada's lake resources with approaches advocated by Minns (2001) and outlined by Hakanson (1996) . The numerical models will subsequently be used to facilitate national assessments of the likely impacts of climate change on fishery resources. The second component lays the foundation for an aquatic ecological classification system for Canada's freshwater lake resources. The third component provides first-order estimates of the extent of lake trout resources in Canada.
Materials and methods

Canadian secondary watersheds and ecozones
Watershed units are the preferred basis for organizing regional data on freshwater ecosystems as it is through the drainage networks of watersheds that freshwaters are connected and flow and, thereby, energy and nutrients move. Watersheds also helped establish the distributions of many freshwater biota. Canada has a hierarchical scheme of watersheds with 11 primary, 164 secondary, and 953 tertiary units. The primary watersheds are determined by which ocean the largest rivers drain toward, and the secondary and tertiary watersheds represent sub-and sub-sub-drainages of the primary river systems. We chose the secondary watershed (SWS) as the basic unit for aggregation and analysis of lake patterns (Fig. 1a) . They provide a readily manageable number of units while providing broad representative coverage of watersheds and landscape features, e.g., ecozones, that vary across Canada. Canada has a terrestrial ecological classification system (Ecological Stratification Working Group 1996) that is based on landscape features (geology, soils, terrestrial vegetation, and climate). There are 15 ecozones (Fig. 1b) , and most SWS lie predominantly within a single ecozone (mean percentage of any SWS in one ecozone is 83.1%, the minimum is 45.7%, and 31.7% of SWS lie wholly in a single ecozone). Most of the SWS with lower dominant percentages straddle the Northern Arctic and Arctic Cordillera ecozones. We examine to what extent a regional lake typology was consistent with the terrestrial ecozonation.
Number of lakes
There are an estimated 90 358 lakes with area 1 km 2 (100 ha) in Canada in the Global Lakes and Wetlands Database (GLWD; www.wwfus.org/science/data.cfm). Lehner and Doll (2004) showed that lakes with area < 1 km 2 have not been completely inventoried, primarily because of the limited resolution of available maps. Our first objective was to estimate, by secondary watershed (SWS), the numbers of lakes in a semilogarithmic series of size classes starting at 0.1 km 2 and with boundary limits at 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 20.0, 50.0, and 100.0 km 2 .
In their global analysis of aggregated lake size data, Lehner and Doll (2004) showed that observed distributions followed the function, N a A = aA b , where N is the number of lakes with area (a) greater than or equal to a threshold area (A). This function approximates the Pareto distribution, which has been shown to be useful in many fields (Vidondo et al. 1997) . Downing et al. (2006) used the Pareto distribution model to estimate the global abundance and size distribution of lakes. Here, a similar approach is used to estimate, by secondary watershed, the numbers of lakes in the smaller lake size classes that are underassessed in available estimates of the numbers of lakes in Canada.
The GLWD data for Canada were used to estimate the Pareto distribution parameters using the logarithmic version of the equation: Ln(N) = Ln(a) + bLn(A) with a common slope, b, and categorical variables for SWS units. The lake data were attributed with secondary watershed identifiers using ESRI's Arcview 3.3 GIS, and the data were grouped into a semilogarithmic series of lake-area size classes delimited by 1, 2, 5, 10, 20, 50, and 100 km 2 . Lehner and Doll showed that counts below 1 km 2 were incomplete. Estimates of the numbers and size distribution of Canadian lakes by SWS were derived by combination of estimation for smaller lakes and summary for larger lakes. The regression equations obtained with the Pareto distribution analysis were used to estimate numbers of lakes in the area size intervals 0.1-0.2, 0.2-0.5, and 0.5-1.0 km 2 for all secondary watersheds. A bias correction (exp(EMS/2), where EMS is the error mean square from the Ln-Ln regression) was applied to adjust for the data transformation effect (Sprugel 1983) . The average lake area in each size class was estimated using eq. 8 in Downing et al. (2006) . For the size-class intervals 1.0-2.0, 2.0-5.0, 5.0-10.0, 10.0-20.0, 20.0-50.0, and 50.0-100.0 km 2 , the numbers and areas of lakes used were those reported in the GLWD data. By size class and secondary watershed, an average lake area was computed as the ratio of total area and number. For lakes with area 100.0 km 2 , individual lakes with areas reported by S. Wang and A. Davidson (Canada Centre for Remote Sensing, Ottawa, Ontario, Canada, unpublished data) were assigned by secondary watershed.
National lakes database
Data about lakes, including name and identification data, latitude and longitude (or northing and easting), lake area, elevation above sea level, maximum and mean depth, Secchi depth, pH, conductivity, and total dissolved solids (TDS), were gathered from a wide range of government agency sources and supplemented by published material (Appendix A, Table A1 and references therein). These lake characteristics are ones that have been frequently included in models of lake productivity (Hakanson 1996) . Records of the presence of lake trout (S. namaycush) were also summarized by tertiary watershed from a national fish distribution database (N.E. Mandrak, unpublished data). These sources were supplemented with data from published literature, particularly for larger lakes. Nicholson and Moore's (1988) bibliography of Canadian freshwater limnology and fisheries was especially useful for locating older sources of lake data.
As any single source of data rarely included all parameters of interest, we attempted to use lake name, geographic coordinates, and any identification information to match data from multiple sources by lake. Where multiple values of particular parameters were obtained for a single lake, we established a hierarchy for valuing data sources when choosing a value. Generally, we ranked the larger, more established, data sets more highly that smaller ones and ranked more recent data more highly than older data. The source data sets were assembled in a Microsoft Access database and procedures were written to implement the matching and selection process. This meant that the software remained open-ended, allowing the addition of new data sets and parameters in the future. As a minimum requirement, we specified that every lake selected must have a lake area and geographic coordinates. Once a composite lake data set had been assembled, the records were attributed with tertiary watershed, ecozone, and province or territory membership. The reduced data set was then screened for inconsistencies such as mean-maximum depth ratios 1 or Secchi depth that exceeded maximum depth. Such data entries were deleted. Although the record of lake trout occurrences was clearly incomplete, lakes without a recorded occurrence were treated as denoting an absence in the analyses reported here.
As of 30 January 2007, there were 50 262 individual lake data records with one or more selected parameters in the database. After selection and consolidation of that information, there was a reduced data set of 16 950 lake data records with one or more of the selected parameters. The level of matching success was relatively low, reflecting the lack of standardization of lake names, the inconsistent application of identification systems, and inaccuracies and imprecision in geographic coordinates. Existing naming conventions for Canadian topographical features such as lakes do not cover all sizes of lakes. Often different agencies within, and between, levels of government have established independent identification systems that cannot be crossmatched. Much of the data were gathered and recorded before the advent of more recent global positioning system (GPS) and geographic information system (GIS) technologies with the result that locations are often only recorded by degrees and minutes of latitude and longitude, leaving a wide margin for error both in location of the sites and in matching data from multiple sources. Resource limitations meant that not all identifiable data could be included in the current version of the database.
Modelling lake morphometry and water quality characteristics
Regional patterns in lake parameters (maximum depth (Z max ), mean to maximum depth ratio (Z ratio ), Secchi depth (Secchi), pH, and total dissolved solids (TDS)) were modeled via least-squares regression equations. To reduce the size-related dispersion of points in some lake parameters lake area (Area), Z max , Z ratio , Secchi, and TDS were transformed to natural logarithms (Ln). Z ratio was modeled rather than mean depth, as it is a key parameter in a model of hypsometric curves linking area to depth in lakes (Lester et al. 2004) . The approach was to model each dependent lake parameter as a function of Area (or Z max ), the presence (1) or absence (0) of lake trout, and the cross product of Area or Z max with lake trout presence or absence as the independent variables. This approach allowed for the possibility that both the intercept and slope might provide information about differences between lakes with, and without, lake trout. Lake size characteristics like Area and Z max are involved in many predictive models for lakes (Leach and Herron 1992) . The basic models were then extended to consider regional variation by inclusion of primary (PWS) or secondary (SWS) watershed membership as dummy variables; an overall intercept was included in the regression model along with coefficients for all but one of the dummy variables.
The models were fitted using linear least-squares regression. Final model selection was based on consideration of R 2 , the minimization of the EMS and the residual sum-ofsquares, the significance of the constituent parameters, and the corrected Akaike information criterion (AIC c ) (Hurvich and Tsai 1989; Burnham and Anderson 2004) , with watersheds or ecozones being taken altogether in a single step. The emphasis in model selection was on parsimony, recognizing that regional models must often rely on a minimal number of input parameters as many are rarely available extensively. Posteriori testing of differences among fitted primary or secondary watershed, or ecozone coefficients, was not undertaken as the intent of the modelling was to characterize regional variables in lake characteristics and not to generate a minimal set of regional groups.
As there were a number of SWS with no data for each key parameter, a method of estimating missing SWS values in the lake parameter models was devised. The available estimated SWS coefficients for each parameter were grouped by either PWS or ecozone, and an analysis of variance was performed. In one instance, pH was modeled with the TDS coefficient as a covariate as the pH coverage was much less than that of other parameters. AIC c was used to choose between the PWS and ecozone models. The selected model was used to estimate the missing SWS values and generate an overall picture of how each parameter varied across Canada.
Lake trout distribution
Lake trout were chosen as a working example of an aquatic species of interest because this study was part of ongoing work to examine the potential impact of climate change and other stressors on key fishery species in Canadian lakes. The occurrence of lake trout in lakes was examined in three ways. First, a national distribution database (N.E. Mandrak, unpublished data) was used to determine the occurrence by tertiary watershed (TWS) using all available records from lakes and rivers. Occurrence was summarized by secondary watershed as the percentage of TWS units with lake trout present (WS%). Second, all lakes within TWS with one or more occurrences of lake trout were selected as a subset of the national lakes database. Using that subset, the percentage of lakes with lake trout present (LK%) was estimate by SWS. Not all SWS had a sample size of lakes (N SWS ) sufficient to produce a reliable estimate of LK%. Where WS% was greater than 0.0 and N SWS < 10, a composite estimate of LK% was obtained from the available data and used to fill SWS gaps. The product of WS% and LK% provided an overall estimate of the percentage of all lakes with lake trout present by secondary watershed.
Third, as the percent occurrence of lake trout varies with lake size, an independent analysis was performed to derive a means of scaling the overall SWS occurrences (WS%ÁLK%) by lake size class. There were insufficient data across the species range to support any analysis supporting both location and lake size simultaneously. The analysis here assumed that all the subset of the database could be used to estimate the variation in occurrence by size class as an odds ratio applied to the SWS mean (WS%ÁLK%). By size class, we estimated the percentage of lakes with lake trout (SZ%) and expressed the SZ% values as odds ratios (SZ ratio ) against the overall value obtained. Then adjusted LK% (size class) values were computed as (LK%ÁSZ ratio ) / (LK%ÁSZ ratio + (1 -LK%)1). Then WS%ÁLK% (size class) gives the estimated proportion of lake trout lakes by SWS and size class. Lakes with area 100 km 2 were assumed to be completely enumerated with respect to lake trout occurrence.
Lake and lake trout resources
The models obtained in the previous sections were used in combination to estimate the number, area, and for lake trout lakes, volume of lakes by secondary watershed and size class. Bias corrections were applied where the equations involved Ln transformations (Sprugel 1983) . These values were summarized across all size classes and across all ecozones. By size class, the extent of lake trout resources was also tallied for Boreal and Taiga Shield ecozones to assess the contribution of the Shield to the total. By ecozone, the extent of lake trout resources was summed both above and below the 100 km 2 area threshold.
Results
Numbers of lakes
Three (8P, 9E, and 9M) of 164 secondary watersheds (SWS) had no lakes according to the GLWD database. The largest portions of these watersheds are outside of Canada. Analysis of covariance of the regression model of Ln(N) with Ln(A) as a covariate and SWS as a categorical variable produced the following results: F Ln(A) = 13 425.7 (df = 1,880) and F SWS = 59.7 (df = 160,880), both significant at P < 0.001. (EMS = 0.17884, giving a bias correction of exp(EMS/2) = 1.094 when detransforming and estimating numbers of lakes.) The slope was -1.032, with SWS intercept values ranging between 1.051 (~34 lakes > 0.1 km 2 ) and 8.188 (~42 375 lakes > 0.1 km 2 ), with a mean of 5.245 (~2674 lakes > 0.1 km 2 ) (Fig. 2) . The slope lies above the mean value, -0.89, reported for regional estimates (Downing et al. 2006 ) but very close to the global value, -1.06, obtained by Lehner and Doll (2004) . Applying the resulting equations across all Canadian secondary watershed and summing the results, the numbers of lakes are 910 371 with area 0.1 km 2 (10 ha) and 84 516 with area > 1.0 km 2 . Using Downing et al.'s (2006) global estimate of the number of lakes, Canada holds 36.8% of the Earth's total.
The area with the highest number of lakes is on the Canadian Shield centered on Hudson's Bay (Fig. 2) . The lowest number of lakes is mainly found in the Plains region between the Shield and the mountain ranges between Alberta and British Columbia in the west and in the Maritime regions on both coasts.
National lakes database
The number of data values varied from a low of 8741 for pH to 16 949 for Area (Table 1 ). All parameters had considerable ranges. Depending on the lake parameter, there were data in 106 to 138 of 164 SWS, although there were from 10 to 20 with a single value. All lake parameters spanned considerable ranges, as expected for a national data set covering from the smallest to largest lakes across the regions of Canada. All but one (Ln(Z max ) vs. pH) of the pairwise Pearson correlations were highly significant at P < 0.001 (Table 2 ). The highest correlations were between Ln(Z max ) and Ln(Z mean ) (0.924), followed by pH and Ln(TDS) (0.694), and those of Ln(Z max ) and Ln(Z mean ) with Ln(Secchi) (>0.57). Correlations of pH and Ln(TDS) with lake dimensions were lower than those among lake metrics.
Lake morphometry and water quality models
In many instances, there were obvious variations in the distributions of lake variables both regionally, using primary watersheds to illustrate, and with or without the presence of lake trout (Fig. 3) . Lake area, maximum depth, and Secchi depth were consistently greater when lake trout were present (Figs. 3a, 3b, and 3d ). There was also much regional variation in some variables, notably pH, Ln(TDS), and meanmaximum depth ratio (Figs. 3c, 3e, and 3f) . pH values were markedly lower in primary watersheds 01 and 02 in the southeastern quadrant of Canada, the area most impacted by acidic deposition (Kelso et al. 1990 ). TDS distributions included much higher values in primary watersheds 05 and 08 in the central Canadian Prairies and Plains where saline lakes are most prevalent.
Predictive models were developed for all lake characteristics (Table 3) . AIC c was used to guide selection of the simplest regional model using covariates. For Z max , Z ratio , and Secchi, the parameters included produced large increases in the R 2 and noticeable reductions in EMS. For pH, addition of parameters beyond Area made little difference to R 2 and EMS. For TDS, all covariate models explained very little of the variance and so no covariate was included. All covariates included and secondary watershed (SWS) factors were significant at P < 0.001. In every case, comparison of model fits without watersheds, with primary watersheds (PWS), or with SWS showed that with SWS produced the best fit (R 2 , EMS) and improved fit (AIC c ) compared with the other choices (Table 4) . Not all covariates were included in every model. Lake trout presence or absence (LTPA) was included in the models of Z max , Z ratio , and Secchi; Area was included for Z max and pH; and Z max was used for Z ratio and Secchi. Area was a good predictor of Z max , but Z max was the better predictor for other important depth-related parameters. The cross-product term Z max ÁLTPA was only retained in the Secchi model. No covariates were included in the TDS model. The lake size coefficients were positive in the Z max , Secchi, and pH models. The coefficients for LTPA were positive, indicating higher values with lake trout present. In the Secchi model, the cross-product term indicated that although Secchi depths were generally higher in lake trout lakes, the slope of the relationship with Z max was lower. This indicates that Secchi values are higher in shallower lake trout lakes but converge to similar values regardless of lake trout presence in deeper lakes.
The available estimated SWS coefficients were grouped by both primary watershed (PWS) and ecozone. Analysis of variance models examined as a basis for completing the mapped coverage of each lake parameter showed that ecozone was a better predictor than primary watershed membership (Table 5 ). This was also true for the Pareto intercept coefficients in the model of lake numbers by SWS. The ecozone models were used to estimate missing values for five lake characteristics.
Overall, data for the five lake parameters were most available along the southern parts of Canada (Figs. 4a, 4c , 5a, 5c, and 5e) with the greatest abundance in Ontario and British Columbia. The areas with the least data were concentrated in northern Quebec and Labrador and in the eastern Arctic. Those areas with the least or no data, and hence with estimated SWS coefficients, will be the most unreliable. However, there are discernible patterns across the country.
The spread of SWS coefficient means across ecozones reveals much of the spatial structure of lake characteristics in Canada (Fig. 6 ). Allowing for Area via the covariate fitting, there are three main areas of lakes with greater Z max : along the edge of the St. Lawrence drainage (PWS 02), in the west in British Columbia and Yukon (Pacific-Maritime and Montane Cordillera ecozones), and in the northern mainland areas of the western Arctic (Taiga Cordillera and Southern Arctic ecozones) (Fig. 4b) . Allowing for Z max , the lower Z ratio values are concentrated on the Canadian Shield south of Hudson's Bay and the higher values are concentrated in the west and north of the country, particularly in the Taiga Cordillera and Plains (Fig. 4b ). Higher Secchi depths are more prominent in the far northern regions, whereas lower values are more common on the Prairies and through Boreal and Taiga Plains (Fig. 5b) . pH values were generally lower on the Canadian Shield, with the lowest values occurring in those areas most affected by acidic deposition in southern Newfoundland and Nova Scotia and south-central Ontario (Fig. 5d) . The higher pH values were found in the Prairies and Boreal and Taiga Plains. TDS values were higher on the Prairies and Boreal Plains and lower in eastern parts of Canada, particularly in Quebec and Labrador on the Canadian Shield (Fig. 5f ).
Lake trout distribution
The distribution records for lake trout, and many other fish species, in Canada were insufficient to allow a definitive mapping of occurrence at this time. In the more remote regions of the country, considerable effort would be required 
Note:
Upper right matrix is the correlation; lower left matrix is the number of data pairs; Bonferroni-corrected significance at P < 0.001 is presented in bold. (Lake trout absence on the left and presence on the right of each PWS marker.) Table 3 . Linear regression models of key lake characteristics, maximum depth (Z max ), mean to maximum depth ratio (Z ratio ), Secchi depth (Secchi), pH, and total dissolved solids (TDS), by secondary watershed (SWS) with covariates (lake area (Area), lake trout presence or absence (LTPA), Z max ). to delimit lake trout distribution by tertiary watershed and to determine the proportion of lakes with the species present. The available occurrence records by TWS indicated that lake trout are widely distributed on the Boreal Shield and Taiga Shield and on the Montane and Boreal Cordillera (Fig. 7a) . The greatest recorded numbers of lake trout lakes were found on the southern Boreal Shield (Ontario and Quebec) (Fig. 7b) . The overall proportion of lakes with lake trout in TWS with the species present and with a lake sample of 10 or more was 0.23 (Fig. 7c) . This proportion was used to fill missing LK% gaps where presence was noted by SWS (WS% > 0). This proportion is probably an underestimate as lake trout are expected to occur more often in the northern parts of their range where lower surface water temperatures should allow it to succeed in a wider range of lakes. Hershey et al. (2006) showed that 44.6% of 158 Arctic Alaskan lakes supported lake trout. The product of WS% and LS% gave an estimate of the proportion of lakes in each SWS with lake trout (Fig. 7d ). There are three main concentrations of lake trout lakes on the southern Boreal Shield, on the Taiga Shield west of Hudson Bay, and in the Boreal Cordillera. Those areas of highest occurrence are consistent with the patterns of glacial refugia and postglacial dispersal identified via genetic markers by Wilson and Hebert (1998) . The analysis of lake trout occurrence by size class showed that the proportion of lakes with lake trout (SZ%) was 0.210 overall and varied from 0.038 in the 0.1-0.2 km 2 size class to 0.389 in the 10.0-20.0 size class (Table 6 ). The overall value here differed slightly from the values used to fill LK% gaps in SWS (0.21 vs. 0.23) because of the sample size restriction used for the latter. The SZ% values rose with increasing lake size. The resulting odds ratios, SZ ratio , ranged from 0.179 to 1.853.
Lake and lake trout resources
Combining the results given above, the size of total and lake trout resources in Canada were estimated by lake size class and by ecozone (Table 7) . There are an estimated 910 132 lakes with area > 0.1 km 2 in Canada, with an estimated total area of 1 028 151 km 2 . Lakes larger than 100 km 2 account for 44.5% of the total area, and other size classes contribute 4.5%-8.5% of the total. The majority of lakes (number, 53.7%; area, 54.7%) are on the Canadian Shield (Boreal and Taiga). The Arctic zone contains the Note: N is number of SWS and K is the number of parameters.
next largest share (number, 29.5%; area, 20.1%). There are an estimated 66 500 lake trout lakes in Canada, with 50% on the Boreal Shield, 29% on the Taiga Shield, and 8% in the Southern Arctic. By number, the largest percentage of lake trout lakes (38%) are estimated to be in the 0.2-0.5 km 2 area size class, with 25% in the 0.1-0.2 size class and 17% in the 0.5-1.0 size class. The lakes larger than 100.0 km 2 dominated by area and volume, 76.6% and 95.6%, respectively. The St. Lawrence -Great Lakes account for much of the area and volume in the >100.0 km 2 size class. The next highest area contribution was in the 2.0-5.0 interval (4.36%), and the next volume contribution was in the 20.0-50.0 interval (0.86%). Most of the lake trout resource is on the Shield (Boreal and Taiga combined), with 79% by number, 65.2% by area, and 74.8% by volume.
Discussion
Although the country-wide lake database described here is undoubtedly incomplete, there were sufficient data to successfully fit predictive models and to discern regional patterns in the characteristics of Canada's lakes. To evaluate the results obtained here, there are four areas to consider: the database; the regional models and typology; the potential uses of these models; and the direction of future studies. The Canada lakes database analyzed here has several shortcomings. The data collection is incomplete, but moving beyond the more readily accessible assemblages of data would require considerable person power and time. Some areas such as British Columbia, Ontario, Quebec, and Nova Scotia have undertaken extensive inventories of lake resources in the past. Our data coverage was weakest on the Taiga Shield, especially in northern Quebec and Labrador and in the eastern Arctic.
The set of lake characteristics examined here is limited compared with the many identified by Leach and Herron (1992) . Chemical parameters such as total phosphorus, chlorophyll a, dissolved organic matter, and alkalinity that have been shown to be more immediate factors in lake productivity would be valuable additions to a lakes database. However, the current parameters Secchi depth, pH, and TDS are often highly correlated with those potential additions. For example, total phosphorus in lake water is an important predictor of components of biomass and production in lakes (Hakanson 1996) , but in earlier studies, TDS was often the parameter cited as a good predictor (Leach and Herron 1992) . The regional pattern in Secchi depth is inversely similar to the regional variation in dissolved organic matter (DOM) levels (Molot et al. 2004) ; DOM is a primary determinant of light attenuation in lakes and hence higher levels lead to lower Secchi values.
The temperature and oxygen regimes are important factors in shaping the levels and forms of productivity in lakes, especially for cold stenotherms like lake trout (Ryan and Marshall 1994) , although those regimes are formed through the interaction of morphometric (e.g., area, depth), edaphic (e.g., total phosphorus, TDS), and climatic (e.g., air temperature and precipitation) factors as described by Rawson (1939) and many others (cf. Leach and Herron 1992) during the evolution of limnology. Temperature and oxygen were not added to the present framework as representing the seasonal and spatial dynamics with individual lakes would require much more complexity in the database.
The regional models obtained here have a predictive power greater than we expected a priori. The use of secondary watershed membership as a dummy variable provided a convenient means of bypassing the potential complexities inherent in Canada's terrestrial ecoclassification system with all the detail of soil types, surficial and bedrock geology, permafrost status, landform types, land use, etc. (Ecological Stratification Working Group 1996) . The models presented here assumed that the variables operate independently. It is likely that compound variables based on the variables assessed here and additional ones such as light, temperature, and nutrient levels would further improve the performance of the predictive models. Examples include the simple models of lake fishery productivity of Schlesinger and Regier (1982) based on climate and the morphoedaphic index of Ryder (1965) and the more complex multifactor model of lake trout productivity (Shuter et al. 1998) where life history features are linked to lake characters.
Regional lakes studies have shown how landscape factors influence lake attributes (Stendera and Johnson (2006) in Sweden; Martin and Soranno (2006) in Michigan). The post hoc analyses of secondary watershed coefficients by primary watershed and ecozone to find a method for estimating missing values showed that ecozone was a better predictor of regional variation in lake characteristics, which is in line with expectations from landscape studies. The results suggest that there is scope for further investigation of the links between landscape and lake features on a Canada-wide scale. Because the primary objective was to obtain models representing lake attributes for use in large-scale assessment studies, the secondary watersheds provided a convenient and acceptable resolution for capturing regional variation in lake attributes.
The preliminary ecozone typology of Canadian lakes obtained here is consistent with that from earlier regional studies. Northcote and Larkin (1956) indicated that TDS and mean depth were important parameters in lake typology for British Columbia lakes in the Pacific-Maritime and Montane Cordillera ecozones. The Schlesinger and Regier (1982) model of fish yield in lakes brings together the three main elements of regional limnology (morphometric, edaphic, and climatic) as described by Rawson (1939) . These elements parallel the features that are overlain in terrestrial ecozone classifications. Therefore, it should not be surprising that ecozones explained much of the regional variation evident in lake attributes assessed by secondary watershed. Those aspects of the lake characteristic models related to lake trout occurrence, taken here as a sample biotic component, are consistent with other efforts that have sought to integrate abiotic and biotic elements in lake typologies. Johnson et al. (1977) presented a typology for Ontario lakes based on similar lake characteristics and the occurrences of several top predators. Hershey et al. (2006) developed a similar typology for Alaskan lakes. The results obtained here indicate that in future, it should be feasible to derive a more sophisticated national lake classification and assessment tool similar to that developed for shallow European lakes (Moss et al. 2003) .
Those components of the regional lake feature models tied to lake trout occurrence were consistent with previously reported patterns (Ryan and Marshall 1994; Marshall 1996; Gunn et al. 2003) . Lake trout occur more frequently in larger lakes than in smaller ones, in deeper ones, with greater Secchi depths. It was expected that the proportion of lakes with lake trout would be lower in the smaller lake size classes. Smaller lakes are less likely to have sufficient maximum depth to allow either thermal stratification, thereby ensuring suitable thermal habitat is available during summer in the southern reaches of the species range, or winter refuge from freeze-out with greater ice thicknesses during winter in the northern reaches of the range. Depth and Secchi depth, an inverse indicator of productivity, also interact in shaping oxygen levels below the thermocline in the cooler waters preferred by lake trout, thereby affecting the suitability of lakes for lake trout (Ryan and Marshall 1994) . The absence of lake trout effects in the pH and TDS models was consistent with the regional patterns of occurrence of lake trout. Although TDS is an indicator of lake trout carrying capacity (Shuter et al. 1998) , lake trout distribution predominantly covers areas with moderate to low TDS levels. The pH levels, although lower in those eastern areas of Canada affected by acidic deposition, are mainly above extirpation thresholds for lake trout (Schindler 1988) , and lower values typically occur in smaller lakes that are less suited to lake trout for reasons already given.
The total lake counts and area are derived primarily by direct counts and measures from extensive mapping of Canada's landscape, but the estimates for the lake trout resource are limited by the incomplete coverage of distribution data and the lack of adequate lake inventory data in the more remote regions of the country. Although the more southerly estimates of occurrence by watersheds and lake size draw on relatively large samples of data, the northerly estimates may well be underestimates as limited surveys such as that of Hershey et al. (2006) suggest that lake trout are more common, especially in smaller lakes in regions with colder climates.
The simple application of a model of species occurrence with regional lake character models to estimate the extent of lake trout lake resources readily demonstrates how such models can be used for large-scale environmental assessments. Similar assessments were made for the impacts of acidic deposition on lake biotic resources in eastern Canada (Jones et al. 1990 ) and for a national mass balance of contaminants (Woodfine et al. 2002) . Such large-scale assessment tools are necessary to gauge long-term and cumulative impacts and to weigh them against social and economic constraints if we are to move beyond limitations that currently render most cumulative effects assessment futile (Duinker and Grieg 2007) . Assessing potential large-scale impacts of stressors, such as climate change, land use change, and invasive species, is a critical precursor to identification of vulnerabilities and the formulation of mitigation and adaptation strategies (Metzger and Schröter 2006) . These assessments need to be spatially explicit and quantitative to compete with social and economic imperatives that inevitably impact many ecosystems.
The increasing geographic scope of environment stresses requires a broader canvas both for inventory and characterization of lake resources and for the development of management and adaptation strategies. This study has demonstrated that a national synoptic limnology of Canada is within reach and that such a framework can be usefully applied. The next steps should include expanding the spatial coverage by assembling existing information sources, and where gaps still remain, new inventory work will be needed. The range of parameters assessed on a national scale should be expanded, especially with respect to those such as temperature, oxygen, total phosphorus, and DOM where more localized studies have demonstrated their importance to understanding lake processes and productivity. As this national lake assessment capability increases, so the ability to Table 7 . Total and lake trout lake resources (number, area (km 2 ), and for lake trout, volume (km 3 )) in Canada by (a) area size class (km 2 ) and (b) ecozone.
(a) Size class.
All lakes
Lake trout lakes (all ecozones) Lake trout lakes (Shield) Note: The lake trout resources on the Boreal Shield and Taiga Shield are shown by size class. The ecozones are ordered by mean annual air temperature (1961-1990 norms) , and the lake trout resource by ecozone is divided at the 100 km 2 size boundary. *Northern Arctic and Arctic Cordillera were combined within secondary watershed units. evaluate large-scale environmental stresses will be enhanced, bringing us closer to a more useful assessment of cumulative impacts.
